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Summary 
Wheat was introduced to China approximately 4500 years ago, where it adapted over a span of time to 
various environments in agro-ecological growing zones. We investigated 717 Chinese and 14 
Iranian/Turkish geographically diverse, locally adapted wheat landraces with 27,933 DArTseq (for 
717 landraces) and 312,831 Wheat660K (for a subset of 285 landraces) markers. This study highlights 
the adaptive evolutionary history of wheat cultivation in China. Environmental stresses and 
independent selection efforts have resulted in considerable genome-wide divergence at the population 
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level in Chinese wheat landraces. In total, 148 regions of the wheat genome show signs of selection in 
at least one geographic area. Our data show adaptive events across geographic areas, from the xeric 
northwest to the mesic south, along and among homoeologous chromosomes, with fewer variations in 
the D genome than in the A and B genomes. Multiple variations in interdependent functional genes, 
such as regulatory and metabolic genes controlling germination and flowering time were 
characterized, showing clear allelic frequency changes corresponding to the dispersion of wheat in 
China. Population structure and selection data reveal that Chinese wheat spread from the northwestern 
Caspian Sea region to south China, adapting during its agricultural trajectory to increasingly mesic 
and warm climatic areas. 
 
Introduction 
Bread (common) wheat (Triticum aestivum, genomes AABBDD) originated approximately 8000 years 
ago (Nesbitt and Samuel, 1996; Willcox, 1997) by hybridization of tetraploid Triticum turgidum 
(genomes AABB) with diploid Aegilops tauschii (genomes DD) (Kihara, 1944; McFadden and Sears, 
1966). Genetic evidence points to the southwestern coastal area of the Caspian Sea as the geographic 
origin of bread wheat (Wang et al., 2013). The westward spread of bread wheat cultivation from this 
area resulted in sympatry with both cultivated tetraploid wheat, which was at that time the dominant 
crop in West Asia, and wild tetraploid emmer. Sympatry in this geographic area resulted in gene flow 
from tetraploid wheat to the bread wheat A and B genomes (Akhunov et al., 2010; Dvorak et al., 
2006). Gene flow between the two genomes then became limited as bread wheat cultivation moved 
eastward, away from the center of tetraploid wheat diversity (Dvorak, et al., 2006; Wang, et al., 
2013). Although bread wheat continued to have sympatry with Ae. tauschii, which is widespread in 
eastern Iran, Turkmenistan, and Afghanistan, as it continued its eastward trek of cultivation,  this was 
unlikely to result in gene flow into bread wheat because of the strong reproductive barriers that exist 
between the two species. Different opportunities for gene flow from bread wheat progenitors to bread 
wheat resulted in the longitudinal subdivision of bread wheat into western and eastern populations 
(Balfourier et al., 2007; Dvorak et al., 2006; Tsunewaki, 1968) and led to different levels of genetic 
diversity in the A and B genomes when compared with the D genome (Dvorak et al., 2011). Limited 
gene flow in East Asia, such as in China, is expected to conserve the genetic structure of Chinese 
bread wheat more than in wheat populations elsewhere (Dvorak et al., 2006; Wang et al., 2013). 
Studies of genetic diversity in Chinese wheat populations may provide valuable clues about the 
structure of genetic diversity in the early stages of bread wheat evolution, and Chinese wheat 
populations may serve as a reference for the study of genetic diversity of bread wheat elsewhere.  
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Bread wheat cultivation reached China approximately 4500 years ago. Bread wheat remnants 
were found at the “Donghuishan” site in Gansu and were dated to 4,605 ± 150 and 4,260 ± 80 BP 
(Before Present), respectively (Zhang, 1983; Li and Wang, 2013); they are the oldest remnants found 
to date. Historical records suggest that bread wheat was first cultivated in Northwest China and spread 
from there to East China, and then to the South and Southwest China (Zhuang et al., 2002; Zeng, 
2005a). During the spread of bread wheat cultivation, wheat adapted to different environmental 
conditions and became one of the most successful crops in China (Zeng, 2005a). Today, China is the 
world’s largest wheat producer. 
 
Wheat is grown in China in ten agro-ecological zones (Jin 1996; He et al., 2001) that we have 
labeled I-NW, II-Y&H, III-YTS, IV-SAS, V-SWAS, VI-NES, VII-NS, VIII-NWS, IX-Q&T and X-XJ 
(see Fig. 1). Adaption of wheat to these diverse environments led to the formation of landraces 
(Dwivedi et al., 2016), which are geographically isolated and locally adapted ecotypes (Belay et al., 
1995; Jones et al., 2008; Dotlačil et al., 2010). These wheat landraces have a high capacity to tolerate 
local biotic and abiotic stresses, resulting in the high stability of their yields and but, because they are 
grown under a low-input agricultural regime, they produce an intermediate yield level when compared 
to modern agricultural expectations for grain yield (Zeven, 1998). The conservation of these adaptive 
traits make wheat landraces a valuable resource for breeding locally adapted varieties for modern, 
high-input agriculture (Keller et al., 1991; Tesemma et al., 1998). 
 
In this study, the genetic structure of 717 Chinese landraces from all ten agro-ecological zones 
was investigated using the Diversity Arrays Technology (DArT) and single nucleotide polymorphism 
(SNP) marker systems. The wheat landrace collection represents an invaluable resource for the 
analysis of micro-evolution under natural and artificial selection. The characterization of chromosome 
regions showing evidence of selective sweeps and genome-wide association analyses of important 
agronomic traits may lead to the discovery of economically or biologically important genes and 
ultimately translate into the genetic improvement of locally adapted modern wheat varieties. 
 
Results 
Genetic diversity of Chinese wheat landraces 
After quality control, a final dataset was obtained consisting of 717 landraces genotyped with 27,933 
DArTseq markers (18,902 DArT and 9,031 DArT_GBS markers) and 285 landraces genotyped with 
312,831 SNP markers (Table S2; Figure S1). The genomic locations of these 340,764 markers were 
determined with the Chinese Spring Survey Sequence (IWGSC and TGAC).  
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Both DArTseq and Wheat660K SNP markers showed a high polymorphism information content 
(PIC) (0.27 and 0.32, respectively in Table S4). The heterozygosity detected by the Wheat660K was 
about six-fold higher than that detected by DArTseq (0.07 and 0.01, respectively) (Figure S2; Table 
S1). V-SWAS had the highest expected heterozygosity (gene diversity) in all wheat growing zones, 
while IV-SAS had the lowest expected heterozygosity (Table S1). In the population of 717 landraces 
genotyped by DArTseq markers, the mean nucleotide diversity (π) was 0.20 × 10−4, the mean minor 
allele frequency (MAF) was 11.70%, and the mean distance between markers was 179 Kb. In the 
population of 285 landraces genotyped with Wheat660K SNP markers, π = 0.21 × 10−4, mean MAF = 
12.95%, and the mean distance between markers was 16 Kb (Figure S2; Table S4). For both marker 
systems, genetic diversity was higher in the distal regions than in the proximal regions of most 
chromosomes (Figure S2, S3). Genetic diversity was consistent between the D genomes of wheat and 
Ae. tauschii for the distribution of Wheat660K SNP markers, π and Tajima’s D along the 
chromosomes (Figure 2; Figure S4; S5). 
 
Diversity varied among landraces from different growing zones (Figure 2; Table S3; Figure S5). 
The lowest was in zone IV-SAS (π = 0.57 × 10−4) and the highest in its adjacent zone V-SWAS (π = 
0.97 × 10−4). The landraces from two neighboring zones I-NW and II-Y&H in north China were least 
genetically differentiated (fixation index, Fst = 0.03), while two neighboring zones in south China, IV-
SAS and IX-Q&T, were most genetically differentiated (Fst = 0.36) (Table S5). Based on the negative 
Tajima’s D values (Table S6), all of the zones contain an excessive number of rare alleles, suggesting 
an ongoing expansion of the population during wheat selection. 
 
Population structure of Chinese wheat landraces 
Based on the pattern and consistency of individual landrace assignments, a K value of 2 to 6 
was concluded to capture most of the biologically relevant information on population structure. For 
these levels of K, landrace assignments into groups generated by DArTseq (Figure S6A), Wheat660K 
SNP (Figure S6B), and combined data (Figure 3A) were similar. At K = 2, spring wheat and Iranian 
and Turkish landraces (designated as Mixed) formed one cluster and winter wheat formed the other 
cluster (Figure 3). At K = 3, winter landraces were divided into a South China cluster (III-YTZ, IV-
SAS, V-SWAS) and a North China cluster (I-NW and II-Y&H). At K = 4, the landraces from spring 
wheat zones (VIII-NWS, IX-Q&T, and X-XJ) were separated from the mixed group. At K = 5, the 
landraces in the winter wheat zones III-YTZ, II-Y&H and V-SWAS were separated from IV-SAS. 
 
To investigate the phylogenetic relationships among Chinese wheat landraces, genetic distances 
between clusters were computed from data generated with Wheat660K SNP markers and neighbor 
joining (NJ) trees were constructed (Figure 3B). The topologies of trees produced using either DArT, 
Wheat660K SNP or the combined data were consistent (Figure S6 C,D,E). Data from Structure (K=5) 
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and the NJ trees clustered the landraces into five groups (Gp1-Gp4 and MIX). The landraces in Gp2 
were the only group in which the data from Structure showed that the landraces were clustered 
separately in the NJ tree (Figure 3B, Table S1). The landraces from Iran and Turkey (MIX) were 
grouped into a single group, which was phylogenetically close to spring wheat originating from zones 
X-XJ, VII-NS, and VIII-NWS (Figure S6D). Ignoring the MIX group, the classification of landraces 
into groups GP1 to GP4 closely fit environmental factors, such as annual rainfall and humidity in the 
zones (Figure 1B; Figure S6F). This was confirmed by multiple linear regression analyses which 
suggested that environmental factors played important roles in shaping diversity and zone divergence 
(Table S7).  
 
The structure of genetic diversity was to a large extent consistent with the geographic 
distribution of Chinese wheat landraces. Landraces from northern zones VIII-NWS and VII-NS, I-
NW and II-Y&H clustered together as did those from southern zones III-YTS, IV-SAS, and V-SWAS 
(Figure 4A, 4B). However, the landraces from a northeast zone, VI-NES, did not show a clear 
relationship within the group, either in the NJ tree (Figure 4A) or in TreeMix (Figure 4B). The trees 
clearly separated the agro-ecological zones as distinct clusters (Figure 4A, 4B). In this work, the 
history of the dispersion of wheat between zones could be inferred through estimates of TF among 
zones. Wheat cultivation was first started in zones that were largely centered on animal husbandry 
(stock farming) in northwestern China and from there to areas in which agricultural production 
centered on field crop agriculture: central and southwestern China (Figure 4A, 4B, 4C). A large 
divergence time (about 5.5 KYA or 5,500 generations) between landrace populations in X-XJ 
(northwestern Chines) and those in IV-SAS (southern China) is consistent with this scenario. This 
scenario also agrees with the idea of a single major introduction of wheat cultivation to China, the 
time of its arrival, and its subsequent spread throughout China based on historical records (Figure 4C, 
4D). 
 
Evidence for selection 
Evidence of selection was only investigated in wheat landrace populations in seven agro-ecological 
zones, in which the number of landraces were adequate. To identify genomic regions most affected by 
selection, the XP-CLR analysis software was used to scan groups of linked genes (Figure 5; Table 
S8A). Genomic regions with high XP-CLR values indicate selection events. One or more genes 
present in such a region could have been a selection target (Table S8A). Using this technique, 
footprints of selection were detected in 148 genomic regions spanning 1.5% of the wheat genome. An 
average region contained nine annotated genes (Table S8A), and the mean strength of selection s was 
0.1369, slightly higher than the 0.1101 found across the rest of the genome (F=57.2, P<0.005). 
The numbers of selected regions differ among the three genomes and individual chromosomes. 
Of the 148 genomic regions showing signs of selection, seven (4.7%) were in the D genome, 69 
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(46.6%) were in the A genome, and 72 (48.6%) in the B genome. There were 12 or more selected 
regions in chromosomes 1A, 2A, 3B, 5B, 6A, and 6B, while none were in 4D, 6D, or 7D (Table S8B). 
Selection footprints were sometimes found in corresponding, presumably orthologous genes, and also 
in regions in homoeologous chromosomes. One such region was on chromosomes 2A at 107.5–108 
Mb and 2B at 106–106.5 Mb. A majority of selected regions were in distal regions of chromosomes, 
except for chromosomes 3A, 4A, 5A, 5B, 6B, and 7A (Figure 5). Among the 148 genomic regions 
showing signs of past selection, 80 were in landraces in unique agro-ecological zones, 44.6% of 
selection footprints were shared by landraces in two or more zones and 11 were shared by landraces in 
more than five zones. One such selection footprint was at 203.5Mb on chromosome 5B, which was 
shared in landraces in all agro-ecological zones. The 5B genomic region contained genes for disease 
resistance protein RPP13, NAC domain-containing protein 9, FEZ protein, secologanin synthase, and 
several genes for proteins of unknown function (Table S8).  
 
The numbers of selection footprints present in individual agro-ecological zones paralleled the 
spread of wheat cultivation across China suggesting that genes were selected in one environment, 
fixed, and then landraces containing these genes were disseminated to the subsequent zone into which 
wheat cultivation was introduced (Figure 5; Table S8). This is shown in region V-SWAS, one of the 
newest wheat growing zones in China, and landraces in this zone show the fewest genomic regions 
under selection. Moreover, 12 of the 16 regions under selection in V-SWAS were already selected in 
other zones, in which wheat cultivation was historically earlier than that in V-SWAS (Figure 4; Table 
S8). Conversely, 32 out of 42 genomic regions under selection in zone VIII-NWS, one of the oldest 
wheat growing zones, were fixed in the landraces in the growing zones into which wheat was 
subsequently dispersed (Figure 5; Table S8). 
 
Major allele frequency (MAF) was used as an indicator of the genetic responses of wheat to 
local environments as wheat cultivation was dispersing from the Caspian Sea area to China. 
Flowering time is an important domestication/adaption trait that was altered during this dispersion. 
Wheat varieties with a winter growth habit require exposures to low temperatures (vernalization) to 
flower. Flowering time in wheat is primarily controlled by variation in VRN genes (Kippes et al., 
2015) and genes controlling photoperiod insensitivity, Ppd genes (Laurie 1997; Turner et al., 2005). 
MAF at VRN, Ppd, and other genes associated with flowering timing gradually increased from about 
0.5 to 1.0 or decreased from about 1.0 to 0.5 along the direction of wheat spread from colder zones I-
NW, II_Y.H, VIII-NWS and IX-Q&T in northern China to warmer zones III-YTS, IV-SAS, and V-
SWAS in southern China(Figure 6A; Table S9A).The SNPs in dormancy and germination related 
genes could be clustered into six groups based on allele frequencies (Figure 6B; Table S9B). The 
minor allele frequencies of SNPs in groups b1 (Figure 6B.b1) and b4 (Figure 6B.b4) increased along 
with the spread of wheat, which is consistent with the rain and humidity trends in China (Figure 1). 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
The frequency of SNPs in groups b2, b3, and b6 tend to progress from a polymorphic state in 
Iran/Turkey to a fixed, monomorphic state in northwestern and then southern China. In contrast, there 
were many genomic regions containing genes that have been identified as potentially important 
domestication genes, such as those in group b5, where allelic frequencies of SNPs did not show any 
significant change in the different environments, suggesting that those areas may have been under 
purifying selection. Examples of such genes are the ABA regulatory pathway, such as AIP2 (Gao et 
al., 2014), GUN5 (Somyong et al., 2011), ABI1 (Gosti et al., 1999), and ARF10 (Liu et al., 2007) in 
southern China zones III-YTS, IV-SAS and V-SWAS. The seed dormancy related genes MFT 
(Nakamura et al., 2011) and PM19 (Barrero et al., 2015) have different allele frequencies among the 
growing zones. The landraces from southern zones show similar allele frequencies. Landraces from 
zones I-NW and II-Y&H in central China show moderate variation in allele frequencies in genomic 
regions containing dormancy/germination related genes (Figure 6B). 
 
Discussion 
Genetic diversity of Chinese wheat landraces 
In cereals, gene content and meiotic recombination is close to zero in the centromeric regions and 
increases as you move along the chromosome towards the telomeres for all chromosomes (Akhunov 
et al, 2003; Bauer et al, 2013; Chen et al, 2002; Mascher et al, 2017). The level of genetic variation is 
positively associated with the rate of recombination. In this study, genetic variation in Chinese wheat 
landraces is much higher at the telomeres than near the centromeres. This is consistent with data 
obtained from worldwide wheat germplasm, where a non-random variant distribution along the 
chromosomes was detected, with reduced variation near the centromeres and elevated variation at the 
telomeres (Akhunov et al., 2010; Choulet et al., 2014; Jordan et al., 2015). The differences in 
nucleotide diversity detected among the A, B, and D genomes are similar between Chinese wheat 
landraces and worldwide hexaploid wheat (Akhunov et al., 2010; Jordan et al., 2015). Tajima’s D and 
π for each genome obtained using Wheat660K data (Figure 2; Figure S3) were also consistent with 
previous research using genotyping-by-sequencing (GBS) data (Jordan et al., 2015). However, the D 
genome had less nucleotide diversity and a lower divergence frequency than the A nad B genomes 
(Figure2; Figure S3), consistent with the hypothesis that only a few Aegilops tauschii accessions from 
a small population contributing to the D genome of hexaploid wheat compared with the tetraploid 
ancestral donors of the A and B genomes (about 500,000 BP) (Wang et al., 2013), and its late addition 
(about 8000 BP) to hexaploid wheat (IWGSC, 2014) (Figure 2; Figure S2). 
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The spread of wheat in China 
Agriculture originated in the Near East, where most crops were brought into domestication 
(Salamini et al., 2002), and major crops were then exported to other places. The expansion of the 
human environment out of centers of domestication into new latitudes presented plant communities 
with acute adaptive challenges (Allaby et al., 2015a). The adaptation of crops to certain 
environmental and climatic conditions may have contributed to the timing of agricultural spread 
(Jones et al., 2012). Two scenarios have been presented for the origins of wheat in China and potential 
pathways for its introduction: 1) wheat came from the west (eastward spread) through central Asia, 
Afghanistan, and Xinjiang (X-XJ), along the ancient Silk Road; or 2) wheat came from the northwest 
through Eurasia, southern Siberia, and Mongolia, along the Eurasian Steppe route (Zhao 2009; Betts 
et al., 2014). The first hypothesis is widely accepted based on paleobotanical evidence, genetic data, 
and some archaeological analysis. However, several questions remain to be addressed. 
 
The adaptation of plants to different environments is dynamic, presenting plants with new 
challenges leads to new adaptations, as also happens with  changing agrarian practices (Fuller et al., 
2010). For example, the PPD-H1 gene and simple sequence repeats (SSRs) in barley landraces have 
been used as evidence for environmental adaptation with agricultural spread in Neolithic Europe 
(Jones et al., 2012). Our population genetics results, based on both NJ tree and TreeMix data, show 
that most of the genetically related wheat landraces tend to have close geographic origins and that the 
population is structured along geographic lines (Figure 4), which was similar to previous analyses of 
wild emmer wheat (Nevo et al., 1991). The genetic relationship among landraces within wheat 
growing zones is consistent with the historical processes of wheat colonization across various Chinese 
wheat growing zones (Figure 4). Our genetic data indicate that Chinese wheat was imported via 
northwestern China, which is consistent with historical records. Wheat then moved to central China 
(I-NW) during the Shang dynasty (3600 BP), to the Yellow and Huai River valleys (west of II-Y&H) 
during the Chunqiu and Han dynasties (2786–2218 BP), to Shandong (east of II-Y&H) during the Sui 
and Tang dynasties (1435–1109 BP), and to the Yangzhi River regions (III-YTS) during the Song and 
Yuan dynasties (1056–648 BP). After the Ming dynasty (648 BP), wheat was cultivated throughout 
China (Zhuang et al., 2002; Zeng, 2005a, 2005b; Betts et al., 2014). 
 
The genetic distance between wheat landraces from IX-Q&T (Tibetan plateau) and those from 
VIII-NWS (northwestern China) is not very large, as would be expected for two growing zones that 
are geographically close to each other (Figure 4). Recently, large numbers of wheat and barley seeds 
have been found in mid-second millennium BC stone-cist graves at the Yan’erlong site in Sichuan, in 
wheat growing zone IX-Q&T (Tang et al., 2012), only about 100 km from zone VIII-NWS. However, 
the appearance of wheat grown in western Sichuan and the northeastern Tibetan plateau probably 
corresponds to a westward migration from V-SWAS (southwestern China), rather than a southward 
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migration from northwestern China (Guedes et al., 2014; Hou et al., 2010). The ability of wheat and 
barley to tolerate frost and their low latitude growing degree requirements facilitated their spread into 
the IX-Q&T growing zone at the high-altitude margins of western China (Guedes et al., 2015; Zeng et 
al., 2015). Data from the eastern Tibetan Plateau show that wheat rapidly became the staple crop 
shortly after its introduction (Guedes et al., 2015). Wheat cultivation appeared later in hunting and 
fishing areas and pastoral areas than in cultivation areas where cereals such as millet and rice had 
already been growing for several millennia (Figure 4D). Recent data from the Tibetan Plateau and its 
surrounds show that a transition from millet to wheat and barley agriculture took place during the 
second millennium BC (Guedes et al., 2015). The data in this study show that the earliest wheat in 
this area was not imported from zone V-SWAS. It should be noted that we analyzed wheat landraces 
from the Tibetan Plateau rather than Tibetan semi-wild wheat (T. aestivum ssp. tibetanum Shao). 
 
In Figure 4, we show that the relationship of wheat landraces from VI-NES (northeastern 
China) to the other landraces is not clear. In terms of genetic distance, VI-NES is close to X-XJ 
(Xinjiang) according to the NJ tree (Figure 4A) and close to IV-SAS (South China) according to 
TreeMix data (Figure 4B), which is not consistent with a simple eco-geographical dispersion process. 
There was no wheat in northeastern China (VI-NES) before the Qing dynasty (372 BP), and wheat 
cultivation began in this area around 370 BP when soldiers brought it from Russia to 
Shengjing/Shengyang (He, 2008). This may be the reason that landraces from these areas are different 
from other Chinese wheat landraces. These data could provide additional insights into fine-scale 
patterns of ancestry from wheat dispersion in China. 
 
Adaptation and selection of wheat landraces 
Wheat has adapted to a wide range of climates, where the environment can affect genetic 
selection leading to genetic variation. The environmental factors of altitude, frost-free days, annual 
sunlight, temperature, and precipitation explain a significant proportion of the diversity, suggesting 
that natural selection may have produced regional/local divergence in Chinese landrace wheat as it has 
in wild emmer wheat (Ren et al., 2013). Therefore, natural selection appears to play an important role 
in phenological adaptation in landrace wheat, especially with a wide range of weather conditions from 
northern to southern China. Selective history and population genetic parameters interact with the 
available genetic variation in complex ways to shape the genetic architecture of a trait (Walsh, 2003). 
In cereals, most important agronomic traits are controlled by several genes, quantitative trait loci, or 
by complex pathways. For a polygenic trait, moderate or weak selection allows a greater long-term 
response to selection than does very strong selection (Hamblin et al., 2011). 
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Selection during wheat improvement is weaker than that during domestication (Gegas et al., 
2010; Cavanagh et al., 2013). Large amounts of change associated with a relatively small selective 
value can be characterized by using high throughput marker data (Allaby et al., 2015a). Identification 
of regions under selection can help us to understand the microevolution, distribution and selection of 
cereals, and could accelerate crop improvement in the future. Regions under selection can be detected 
using phenotypes that provide distinct information about positive selection, and combining the data 
from phenotypic analyses gives greater power for localizing the source of selection (Grossman et al., 
2010). However, the effects of positive selection may have been amplified by population expansion, 
which followed wheat origin by hybridization of a limited number of Ae. tauschii and T. turgidum 
genotypes (Appels and Lagudah, 1990; Wang et al., 2013). 
 
Phenotypic features of wheat landraces have been selected under different environmental and 
agricultural conditions, resulting in significant variation among populations. Furthermore, the lack of 
shared genomic regions might be because the genotypes underwent different selection pressures to 
adapt to local agricultural conditions, or the same agronomic trait may be obtained by selection on 
different genomic regions (Jiao et al., 2012). Limited sharing of co-selected regions among genotypes 
from different geographic regions has also been observed in humans and maize (Pickrell et al., 2009; 
Jiao et al., 2012). Comparing selective sweeps identified in different populations could pinpoint 
selection that acts on distinct targets or multiple functionally equivalent alleles in different portions of 
the geographic range of wheat (Cavanagh et al., 2013). For example, the region containing PM19, a 
seed dormancy-associated protein that is induced by ABA in wheat (Barrero et al., 2015), was under 
selection pressure in wheat landrace growing zones I-NW, II-Y&H, III-YTS and VIII-NWS, the 
earliest wheat cultivation areas (Figure 1; Figure 5). Starch synthase II was under selection pressure in 
western China zones VIII-NWS and IX-Q&T, while the chromosome region containing starch 
synthase III had strong selection pressure in growing zone V-SWAS (Figure 5). A region containing 
the cold-stress associated gene WCOR719 was under strong selection in zone IX-Q&T, which is one 
of the coldest zones in China (Figure 1; Figure 5). We also found that some domestication regions 
(such as VRN gene regions on chromosome 6B) showed evidence of continual selection, indicating 
that these loci may contribute to phenotypes of sustained agronomic importance. The frequencies of 
VRN1 through VRN4 in landraces from different localities in East Asia, correlated with the degree of 
winter coldness (Iwaki et al., 2000). Particular combinations of VRN1 and VRN3 alleles and 
photoperiod haplotypes show early-maturing characteristics in wheat cultivars in these geographic 
regions in China (Chen et al., 2013). Additionally, the genes linked to these regions have also been 
affected by selection, limiting the diversity available for modern improvement (selective sweep). The 
selective sweep regions contain genes also associated with important agronomic traits and 
biotic/abiotic resistance including phototropin-2 (PHOT2), vernalization (VRN), cold/freezing stress 
resistance (WCOR719), seed dormancy and germination (MFT, PM19), starch (SS-II, SS-III, SBE-I), 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
rust resistance (RLK1, RPM1, RPP8), salt response (SRG, Na+/H+ antiporter), sugar transport 
(Sweet14, Sweet6b), and others (Table S8; Figure 5). 
 
Only a small fraction of the homoeologous regions harboring selected variants have been found 
to overlap among wheat genomes in any given wheat line (Jordan et al., 2015). Evidence suggests that 
directional selection in allopolyploids rarely acts on multiple parallel advantageous mutations across 
homoeologous regions, likely indicating that a fitness benefit could be obtained by a mutation at any 
one of the homoeologous loci (Jordan et al., 2015). In this study, we rarely detected directional 
selection on the same gene from the A, B, and D genomes in Chinese wheat landraces. Only the allele 
frequencies of SNPs AX-110992931 in LEC2(LEAFY COTYLEDON2)_2A and AX-95080933 in 
LEC2_2D show similar patterns during the dispersion of the Chinese landraces(Figure 6B; Table 
S9B). 
 
Previous studies of local adaptation show that there is a trend towards complex adaptation 
involving many loci, each under relatively weak selection (Allaby et al., 2015a) in the populations 
undergoing such selection. The more conventional view of selection on domestication syndrome or 
important agronomic traits (biotic/abiotic stress resistance, yield, and quality), a single mutant subject 
to a selective sweep, would achieve less selection overall than that found. Furthermore, a selective 
sweep may result in leaving the population or species vulnerable because of an inability to cope with 
further adaptive challenges (Allaby et al., 2015c). Thus, the idea that multiple loci controlling 
adaptive traits are targeted weakly to effect strong selection results rather than the more conventional 
viewpoint of a strong selective sweep at a single locus better fits our results (Figure 6; Table S9). It is 
therefore predicted that we should see multiple changes in the interactions of genes and their products, 
such as in regulatory and metabolic networks (Allaby et al., 2015b). Based on high throughput data, 
selection acting on genes that are interdependent in networks of interaction could be analyzed. At a 
systems level, the majority of adaptation is expected to be achieved through the regulation of genes in 
networks, effecting rapid and complex responses to environmental stimuli (Alon, 2007). In wheat, we 
investigated details of the variance of allele frequencies for genes involved in seed 
dormancy/germination, and flowering time (Figure 6), and it was clear that some SNPs in genes 
associated with the same traits showed similar tendencies, rather than only single genes being 
affected. For instance, the MAF of SNPs in genes VRN4, GI3, VRN3, GI2, and TOC1 were gradually 
changed along the path of the distribution of wheat from the Eastern Mediterranean region to China 
(Figure 6A; Table S9A). Wheat is a facultative long-day plant, adapted to short growing seasons, with 
long-days promoting flowering in spring, while short-days delay reproductive development (Hill and 
Li, 2016). During breeding and phenotypic selection, genetic variants at flowering loci were selected 
to optimize flowering time within a given production environment to achieve greater yields (Jung and 
Müller, 2009; Hill and Li, 2016). Also, the MAF of SNPs in genes AGO4, MFT, Myb10-A1, Sdr4, and 
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SPATULA that affect seed dormancy and germination clearly increased along with the spread of wheat 
from the xeric northwest to the mesic south in China (Figure 6B; Table S9B). This result is consistent 
with other study data obtained from 781 Chinese wheat cultivars over the last 50 years (Xiao et al., 
2004). Chinese wheat cultivars obtained by modern breeding processes utilizing landraces in zones I-
NW and II-Y&H have no pre-harvest sprouting resistance, while cultivars bred from landraces from 
zone III-YTS and V-SWAS have high pre-harvest sprouting resistance levels (Xiao et al., 2002; Xiao 
et al., 2004). The frequency variations among Chinese wheat landraces utilized to breed modern 
Chinese wheat cultivars provide data to study microevolution events in cereal crops. Our data indicate 
that selection on important domestication or agronomic traits according to interdependent functional 
genes in their regulatory and metabolic networks has given wheat the ability to cope with adaptive 
challenges under complex environments from northwestern to southern China. 
 
Experimental procedures 
Chinese wheat landrace materials 
In total, 717 wheat landraces were selected from ten Chinese agro-ecological zones (He et al., 2001): 
I-NW (northern winter wheat zone), II-Y&H (yellow and huai river valleys facultative wheat zone), 
III-YTS (middle and low Yangtze valleys autumn-sown spring wheat zone), IV-SAS (southern 
autumn-sown spring wheat zone), V-SWAS (southwestern autumn-sown spring wheat zone), VI-NES 
(northeastern spring wheat zone), VII-NS (northern spring wheat zone), VIII-NWS (northwestern 
spring wheat zone), IX-Q&T (qinghai-tibetan plateau spring-winter wheat zone), and X-XJ (xinjiang 
winter-spring wheat zone). These landraces were planted in China before the 1950’s. They were 
obtained from the Chinese Crop Germplasm Information System 
(http://icgr.caas.net.cn/cgris_english.html) and CAAS (Chinese Academy of Agricultural Science). 
 
A total of 717 landraces were genotyped by the DArTseq (http://www.diversityarrays.com/) 
platform, and 272 landraces and 13 Iranian and Turkish wheat landraces were genotyped using an 
Affymetrix Axiom Wheat660K single nucleotide polymorphism (SNP) array (designed by Jizeng Jia, 
Chinese Academy of Agriculture Sciences and synthesized by Affymetrix, 
(http://wheat.pw.usda.gov/ggpages/topics/Wheat660_SNP_array_developed_by_CAAS.pdf) (Figure 1; 
Table S1). This strategy covered most regions of the wheat genome with markers in a cost-effective 
manner. 
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Markers and their alignment to the Chinese Spring survey sequence and Ae. tauschii genome 
sequence 
The chromosome locations of 89,284 DArTseq markers (DArT and DArT_GBS) and 630,517 
SNP markers from the Wheat660K array were determined by alignments of their sequences to the 
genomic sequence of common wheat, cultivar Chinese Spring, popseq.28.dna 
(ftp://ftp.ensemblgenomes.org/pub/plants/release-28/fasta/). 
The following database and blast commands were used to locate the physical location of 
probes (markers): blastdb -max_file_sz 20G -dbtype nucl -in / IWGSC2.28/database/IWGSC2.28 -out 
/ /database/Triticum_urartu.GCA_000347455.1.28.dna.toplevel and blastall -p blastn -e 1e-10 -b 1 -v 
1 -m 8 -i /seq/Wheat660(DArT)_probes.fa -o / blastn/ Wheat660(DArT)_blast1 -d 
/IWGSC2.28/database/IWGSC2.28. 
In total, 2,060,458 sequences were obtained from the IWGSC database and blasted against the 
Wheat660K SNP marker probes, and 85,253 and 22,367 sequences against DArT and DArT_GBS 
probes, respectively. SNP and DArT Probes matching multiple locations were removed. In addition, 
markers with more than 25% missing data were deleted. Those with < 5% mismatched nucleotides 
and with identity > 95% were selected. This generated a physical map containing 27,933 markers 
detectable by DArTseq and 312,831 markers detectable by Wheat660K SNPs (Table S2). Marker 
density along chromosomes was analyzed using PowerMarker V3.25 (Liu et al., 2005), in which the 
marker density was calculated using 500-kb windows.  
In the next step, markers with >10% missing values and minor allele frequency < 0.05 were 
discarded. The Ae. tauschii reference sequence  
(http://aegilops.wheat.ucdavis.edu/jbrowse/index.html?data=Aet%2Fdata%2F&loc) was employed to 
determine the locations of the remaining markers in the D genome, using the same strategy as that 
used for locating the chromosome positions of SNP markers in the Chinese Spring genomic survey 
sequences. One SNP marker per Mb of the Ae. tauschii pseudomolecule was selected to anchor the 
locations of markers along wheat D chromosomes. Subsequent analyses of nucleotide diversity (π) 
and the Watterson estimator (θ) were also carried out. The genetic variance among wheat growing 
zones was analyzed with ANOVA. 
 
Population genetic analysis and genome scanning for selection signals 
Structure (Pritchard et al., 2000, http://pritchardlab.stanford.edu/software.html) was used to 
infer population structure using an admixture model, ten replicates at each K value, and 100,000 
iterations of burn-in followed by 100,100 MCMC iterations. A model-based method was used to 
estimate the population structures of Chinese wheat landraces. The potential number of populations, 
K, was estimated using the LnP(D) (Pritchard, et al., 2000) and ∆ K (Evanno et al., 2005) statistics in 
a trial of 10 individual runs for K ranging from 1 to 9. Variance of LnP(D) and the mean of LnP(D) 
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indicated a hierarchical structure for Ks from 2 to 5. Increase in K beyond 6 led to lower likelihoods 
and higher variance among runs, which was accompanied by unstable clustering of the landraces. 
Results of independent runs were analyzed and figures were drawn using R. A neighbor joining (NJ) 
tree was constructed using MEGA 5.0 (Tamura et al., 2011) based on genetic distances between wheat 
growing zones calculated in R.  
The software TreeMix (http://pritchardlab.stanford.edu/software.html) was used for estimation 
of phylogeny with admixture. Divergence time (TF) in generations was estimated by TF=2NeFST. FST 
is the proportion of the variance in allele frequencies that is found between subpopulations (Holsinger 
and Weir 2009). In the absence of selection and migration, FST between populations is essentially 
governed by genetic drift. A total 7001 DArTseq markers chosen randomly with a missing rate < 20% 
were used to calculate Fst in Arlequin ver 3.1 (Excoffier et al., 2005). The impact of genetic drift is 
largely determined by current effective population size (Ne) in populations and divergence time (T) as 
FST=T/2Ne (Nei, 1987). The current effective population size (Ne) was estimated using multi-locus 
diploid genotypes from population samples by NeEstimator V2 (Do et al., 2014). The genetic 
relationships among landraces from different growing zones based on Ne and Fst were compared with 
historical records. 
The following population statistics were computed in 500-kb windows sliding by 50-Kb. The 
genetic diversity of landraces from the seven main growing zones was analyzed with Variscan (Hutter 
et al., 2006) for each window using Tajima’s D, nucleotide diversity (π) (Tajima, 1983) and 
Waterson’s estimator of nucleotide diversity (θ) (Watterson, 1975). Theta= 4Nµ, where N is the 
effective population size, and µ is the mutation rate per nucleotide (or per sequence) per generation. 
Each of the 500-kb windows was considered a selection window in a Chinese agro-ecological 
zone if it were in the top 1.5% of all 500-kb windows of empirical distribution for XP-CLR values. 
Each 500-Kb region matching this rule was considered a ‘sweep window’, and using gene annotations 
the numbers and type of candidate genes were calculated for each sweep window. In addition, to 
identify signals of selection, we performed a genome scan using an updated cross-population 
composite likelihood approach in XP-CLR version 1.0 (Chen et al., 2010). Evidence for selection 
across the genome in the Chinese agro-ecological zones and the Fertile Crescent gene pool was 
evaluated as follows. A 500-kb sliding window with 50-kb steps across the whole genome was used 
for scanning. The command used was ‘XPCLR –c freqInput output –w1 gWin (Morgan) snpWin 
gridSize (bp) chrX –p0 0.95’. 
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Environmental factors and geographical genetic analysis of landraces 
The environmental factors of wheat agro-ecological zones in China were collected from the 
book ‘Chinese Wheat’ (Jin, 1996) and integrated with data from the Data Center for Resources and 
Environmental Sciences, Chinese Academy of Sciences (RESDC) (http://www.resdc.cn). In the 
absence of data on ancient environmental conditions in each zone, recent environmental history was 
assumed to approximate environmental conditions prevailing in the past. Monthly measurements of 
precipitation for the last 100 years and air temperature for the last 50 years were downloaded from 
about 630 stations throughout China and used to analyze the intersection of the geographical 
distribution with the genetics of Chinese wheat landraces.  
The genetic diversity of the seven main wheat growing zones (I-NW, II-Y&H, III-YTS, IV-
SAS, V-SWAS, VIII-NWS, and IX-Q&T) was examined using the methods described earlier. 
Observed precipitation and air temperature for each month during the wheat growing season for the 
main zones with sufficient environmental and genetic index data were computed (Table S3). Multiple 
regression analysis was performed in R to investigate the relationship between population diversity 
and the following environmental variables: altitude (Al), number of frost-free days (Fd), annual 
sunlight (As), accumulated temperature (At), and precipitation amount (Pa). 
 
Authors' contributions 
Zhou Y carried out the experiment, analyzed the data, and contributed to writing for the 
population genetics section; 
Chen ZX analyzed the data, and contributed to writing for the population genetics section; 
Cheng MP analyzed the data, and prepared the figures for the manuscript; 
Chen J contributed to writing the spread and distribution parts of manuscript; 
Zhu TT contributed to genomic location of probes on Aegilops tauschii; 
Wang R participated in the analysis of population genetics data; 
Liu XY participated in the field experiment; 
Qi PF contributed to writing the functional genes selection parts of manuscript; 
Chen GY managed plant materials; 
Jiang QT participated in the field experiment; 
Wei YM participated in the field experiment; 
Luo MC carried out sequence analysis with the Aegilops tauschii genome; 
Nevo E contributed to the writing for the evolution and adaption of wheat section; 
Allaby RG contributed to the analysis and writing for the selection of wheat section; 
Liu DC contributed to the writing for the population genetics and selection section; 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Wang JR formulated the questions, designed and carried out the experiment, analyzed the data 
and wrote the manuscript; 
Dvorak J contributed to the genomic and population data analysis and writing of the 
manuscript; 
Zheng YL participated in the design of the experiments. 
 
Acknowledgements 
The authors thank Dr. Harold E. Bockelman (National Small Grains Collection, U.S. Department of 
Agriculture - Agricultural Research Service) for plant materials (Iranian and Turkish wheat landraces) 
support; Drs. Lihui Li and Xiuquan Li (Chinese Academy of Agricultural Science) for plant materials 
(Chinese wheat landraces) support; Dr. Jizeng Jia (Chinese Academy of Agricultural Science) for 
permiting the use the of Affymetrix Wheat660 SNP array; Dr. Robin Permut (University of Haifa) and 
Dr Karin Deal (University of California, Davis) for critical review of the manuscript; and Pro. 
Junliang Yang (Sichuan Agricultural University) for Chinese wheat division. Dr Jirui Wang thank 
the National Supercomputer Centre in Guangzhou houses (SUN YAT-SEN University) for granting 
CPU-time on the Tianhe-2 (http://en.nscc-gz.cn/). This work was supported by the National Basic 
Research Program of China (2014CB147200) and the National Natural Science Foundation of China 
(31571654 and 31171555). The authors declare no conflict on interest. 
 
References 
Akhunov, E.D., Akhunova, A.R., Anderson, O.D., Anderson, J.A., Blake, N., Clegg, M.T., 
Coleman-Derr, D., Conley, E.J., Crossman, C.C., Deal, K.R., Dubcovsky, J., Gill, B.S., Gu, Y.Q., 
Hadam, J., Heo, H., Huo, N., Lazo, G.R., Luo, M.C., Ma, Y.Q., Matthews, D.E., McGuire, P.E., 
Morrell, P.L., Qualset, C.O., Renfro, J., Tabanao, D., Talbert, L.E., Tian, C., Toleno, D.M., Warburton, 
M.L., You, F.M., Zhang, W. and Dvorak, J. (2010) Nucleotide diversity maps reveal variation in 
diversity among wheat genomes and chromosomes, BMC Genomics, 11, 702. 
Akhunov, E.D., Goodyear, A.W., Geng, S., Qi, L.L., Echalier, B., Gill, B.S., Miftahudin, 
Gustafson, J.P., Lazo, G., Chao, S., Anderson, O.D., Linkiewicz, A.M., Dubcovsky, J., Rota, M.L., 
Sorrells, M.E., Zhang, D., Nguyen, H.T., Kalavacharla, V., Hossain, K., Kianian, S.F., Peng, J., 
Lapitan, N.L.V., Gonzalez-Hernandez, J.L., Anderson, J.A., Choi, D.W., Close, T.J., Dilbirligi, M., 
Gill, K.S., Walker-Simmons, M.K., Steber, C., McGuire, P.E., Qualset, C.O. and Dvorak J. (2003) The 
Organization and Rate of Evolution of Wheat Genomes Are Correlated with Recombination Rates 
Along Chromosome Arms. Genome Res., 13, 753-763. 
Allaby, R.G., Gutaker, R., Clarke, A.C., Pearson, N., Ware, R., Palmer, S.A., Kitchen, J.L. and 
Simith O. (2015b) Using archaeogenomic and computational approaches to unravel the history of 
local adaptation in crops. Phil Trans R Soc B., 370, 20130377. 
Allaby, R.G., Kistler, L., Gutaker, R.M., Ware, R., Kitchen, J.L., Smith, O. and Clarke, A.C. 
(2015a) Archaeogenomic insights into the adaptation of plants to the human environment: pushing 
plantehominin co-evolution back to the Pliocene. J. Human Evol., 79, 150-157 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Allaby, R.G., Kitchen, J.L. and Fuller, D.Q. (2015c) Surprisingly low limits of selection in plant 
domestication. Evol. Bioin., 11, 41-51. 
Alon, U. (2007) Introduction to systems biology. London, UK: Chapman & Hall. 
Appels, R. and Lagudah, E.S. (1990) Manipulation of chromosomal segments from wild wheat 
for the improvement of bread wheat. Aust. J. Plant Physiol., 17, 253-366. 
Balfourier, F., Roussel, V., Strelchenko, P., Exbrayat-Vinson, F., Sourdille, P., Boutet, G., Koenig, 
J., Ravel, C., Mitrofanova, O., Beckert, M. and Charmet, G. (2007) A worldwide bread wheat core 
collection arrayed in a 384-well plate. Theor. Appl. Genet., 114, 1265-1275. 
Barrero, J.M., Cavanagh, C., Verbyla, K.L., Tibbits, J.F., Verbyla, A.P., Huang, B.E., Rosewarne, 
G.M., Stephen, S., Wang, P., Whan, A., Rigault, P., Hayden, M.J. and Gubler, F. (2015) 
Transcriptomic analysis of wheat near-isogenic lines identifies PM19-A1 and A2 as candidates for a 
major dormancy QTL. Genome Biology, 16, 93 
Bauer, E., Falque, M., Walter, H., Bauland, C., Camisan, C., Campo, L., Meyer, N., Ranc, N., 
Rincent, R., Schipprack, W., Altmann, T., Flament, P., Melchinger, A.E., Menz, M., Moreno-
González, J., Ouzunova, M., Revilla, P., Charcosset, A., Martin, O.C. and Schön, C.C. (2013) 
Intraspecific variation of recombination rate in maize. Genome Biol., 14, R103. 
Belay, G., Tesemma, T., Bechere, E. and Mitiku, D. (1995) Natural and human selection for 
purple-grain tetraploid wheats in the Ethiopian highlands. Genet. Res. Crop Evol. 42, 387-391. 
Betts, A., Jia, P.W. and Dodson, J. (2014) The origins of wheat in China and potential pathways 
for its introduction: A review. Quat Int., 348, 158-168. 
Cavanagh, R.C., Chao, S., Wang, S., Huang, B.E., Stephen, S., Kiani, S., Forrest, K., Saintenac, 
C., Brown-Guedira, G.L., Akhunoiva, A., See, D., Bai, G., Pumphrey, M., Tomar, L., Wong, D., Kong, 
S., Reynolds, M., da Silva, M.L., Bockelman, H., Talbert, L., Anderson, J.A., Dreisigacker, S., 
Baenziger, S., Carter, A., Korzun, V., Morrell, P.L., Dubcovsky, J., Morell, M.K., Sorrells, M.E., 
Hayden, M.J. and Akhunov E. (2013) Genome-wide comparative diversity uncovers multiple targets 
of selection for improvement in hexaploid wheat landraces and cultivars. Proc. Natl Acad. Sci. USA, 
110, 8057-8062 
Chen, F., Gao, M., Zhang, J., Zuo, A., Shang, X. and Cui, D. (2013) Molecular characterization 
of vernalization and response genes in bread wheat from the Yellow and Huai Valley of China. BMC 
Plant Biology, 13, 199 
Chen, H., Patterson, N. and Reich, D. (2010) Population differentiation as a test for selective 
sweeps. Genome Research, 20, 393-402. 
Chen, M., Presting, G., Barbazuk, W.B., Goicoechea, J.L., Blackmon, B., Fang, G., Kim, H., 
Frisch, D., Yu, Y., Sun, S., Higingbottom, S., Phimphilai, J., Phimphilai, D., Thurmond, S., Gaudette, 
B., Li, P., Liu, J., Hatfield, J., Main, D., Farrar, K., Henderson, C., Barnett, L., Costa, R., Williams, B., 
Walser, S., Atkins, M., Hall, C., Budiman, M.A., Tomkins, J.P., Luo, M., Bancroft, I., Salse, J., Regad, 
F., Mohapatra, T., Singh, N.K., Tyagi, A.K., Soderlund, C., Dean, R.A. and Wing, R.A. (2002) An 
integrated physical and genetic map of the rice genome. Plant Cell, 14, 537-545. 
Choulet, F., Alberti, A., Theil, S., Glover, N., Barbe, V., Daron, J., Pingault, L., Sourdille, P., 
Couloux, A., Paux, E., Leroy, P., Mangenot, S., Guilhot, N., Gouis, J.L., Balfourier, F., Alaux, M., 
Jamilloux, V., Poulain, J., Durand, C., Bellec, A., Gaspin, C., Safar, J.,  Dolezel, J., Rogers, J.,  
Vandepoele, K.,  Aury, J.M., Mayer, K., Berges, H., Quesneville, H., Wincker, P. and Feuillet C. 
(2014) Structural and functional partitioning of bread wheat chromosome 3B. Science, 345, 1249721 
Do,C., Waples, R.S., Peel, D., Macbeth, G.M., Tillett, B.J. and Ovenden, J.R. (2013) 
NeEstimator V2: re-implementation of software for the estimation of contemporary effective 
population size (Ne) from genetic data. Mol. Ecol. Res., 14, 209-214 
Dotlačil, L., Hermuth, J., Stehno, Z., Dvořáček, V., Bradová, J. and Leišová, L. (2010) How Can 
Wheat Landraces Contribute to Present Breeding? Czech J Genet Plant Breed. 46 (Special Issue), 
S70–S74 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Dvorak, J., Akhunov, E.D., Akhunov, A.R., Deal, K.R. and Luo, M.C. (2006) Molecular 
characterization of a diagnostic DNA marker for domesticated tetraploid wheat provides evidence for 
gene flow from wild tetraploid wheat to hexaploid wheat. Mol. Biol. Evol., 23, 1386-1396. 
Dvorak, J., Luo, M.C. and Akhunov, E.D. (2011) N.I. Vavilov's theory of centres of diversity in 
the light of current understanding of wheat diversity, domestication and evolution. Czech J Genet 
Plant, 47, S20-S27. 
Dwivedi, S.L., Ceccarelli, S., Blair, M.W., Upadhyaya, H.D., Are, A.K. and Ortiz, R. (2016) 
Landrace germplasm for improving yield and abiotic stress adaptation. Trends in Plant Sci., 21, 31-42 
Evanno, G., Regnaut, S. and Goudet, J. (2005) Detecting the number of clusters of individuals 
using the software STRUCTURE: a simulation study. Mol Ecol. 14, 2611-2620 
Excoffier, L., Laval, G. and Schneider, S. (2005) Arlequin ver. 3.0: An integrated software 
package for population genetics data analysis. Evol. Bioinf. Online, 1, 47-50. 
Fuller, D.Q., Allaby, R.G. and Stevens, C. (2010) Domestication as innovation: the entanglement 
of techniques, technology and chance in the domestication of cereal crops. World Archaeol. 42, 13-28. 
Gao, D.Y., Xu, Z.S., He, Y., Sun, Y.W., Ma, Y.Z. and Xia, L.Q. (2014) Functional analyses of an 
E3 ligase gene AIP2 from wheat in Arabidopsis revealed its roles in seed germination and pre-harvest 
sprouting. J Integr Plant Biol., 56, 480-491 
Gegas, V.C., Nazari, A., Griffiths, S., Simmonds, J., Fish, L., Orford, S., Sayers, L., Doonan, J.H. 
and Snape, J.W. (2010) A genetic framework for grain size and shape variation in wheat. Plant Cell. 
22, 1046–1056. 
Gosti, F., Beaudoin, N., Serizet, C., Webb, A.A., Vartanian, N. and Giraudat, J. (1999) ABI1 
protein phosphatase 2C is a negative regulator of abscisic acid signaling. Plant Cell. 11, 1897-1910 
Grossman, S.R., Shlyakhter, I., Karlsson, E.K., Byrne, E.H., Morales, S., Frieden, G., Hostetter, 
E., Angelino, E., Garber, M., Zuk, O., Lander, E.S., Schaffner, S.F. and Sabeti, P.C. (2010) A 
composite of multiple signals distinguishes causal variants in regions of positive selection. Science. 
327, 883–886. 
Guedes, D.J., Lu, H., Li, Y., Spengler, R.N., Wu, X. and Aldenderfer, M.S. (2014) Moving 
agriculture onto the Tibetan Plateau: The archaeobotanical evidence. Archaeol Anthropol Sci. 6, 255–
269. 
Guedes, J.A., Lu, H., Hein, A.M. and Schmidt, A.H. (2015) Early evidence for the use of wheat 
and barley as staple crops on the margins of the Tibetan Plateau. Proc. Natl Acad. Sci. USA, 112, 
5625-5630 
Hamblin, M.T., Buckler, E.S. and Jannink, J.L. (2011) Population genetics of genomics-based 
crop improvement methods. Trends Genet., 27, 98-106 
Hao, C., Wang, L., Ge, H., Dong, Y. and Zhang, X. (2011) Genetic Diversity and Linkage 
Disequilibrium in Chinese Bread Wheat (Triticum aestivum L.) Revealed by SSR Markers. Plos One, 
6, e17279 
He, Y.L. (2008) The history of wheat cultivator in Heilongjiang. Heilongjiang Chronicles, 24, 
38-39 (In simplified Chinese) 
He, Z.H., Rajaram, S., Xin, Z.Y. and Huang, G.Z. (eds.) (2001) A History of Wheat Breeding in 
China. Mexico, D.F.: CIMMYT. 
Hill, C.B. and Li, C.D. (2016) Genetic Architecture of Flowering Phenology in Cereals and 
Opportunities for Crop Improvement. Front. Plant Sci., 7, 1906. 
Holsinger, K.E. and Weir, B.S. (2009) Genetics in geographically structured populations: 
defining, estimating and interpreting F(ST). Nat. Rev. Genet., 10, 639-650. 
Hou, G.L., Xu, C.J. and Fan, Q.S. (2010) Three expansions of prehistoric humans towards 
northeast margin of Qinghai-Tibet Plateau and environmental change. Dili Xuebao, 65, 65-72. (In 
Chinese) 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Hutter, S., Vilella, A.J. and Rozas, J. (2006) Genome-wide DNA polymorphism analyses using 
VariScan. BMC Bioinf., 7, 1-10. 
Iwaki, K., Nakagawa, K., Kuno, H. and Kato, K. (2000) Ecogeographical differentiation in east 
Asian wheat, revealed from the geographical variation of growth habit and Vrn genotype. Euphytica, 
111, 137-143 
IWGSC. 2014. A chromosome-based draft sequence of the hexaploid bread wheat (Triticum 
aestivum) genome. Science, 345, 1251788 
Jiao, Y., Zhao, H., Ren, L., Song, W., Zeng, B., Guo, J., Wang, B., Liu, Z., Chen, J., Li, W., 
Zhang, M., Xie, S. and Lai, J. (2012) Genome-wide genetic changes during modern breeding of 
maize. Nat. Genet., 45, 1-3 
Jin, S.B. 1996. Wheat in China. Chinese agricultural publisher, Beijing. 
Jones, G., Jones, H., Charles, M.P., Jones, M.K., Colledge, S., Leigh, F.J., Lister, D.A., Smith, 
L.M.J., Powell, W. and Brown, T.A. (2012) Phylogeographic analysis of barley DNA as evidence for 
the spread of Neolithic agriculture through Europe. J. Arch. Sci., 39, 3230-3238 
Jones, H., Lister, D.L., Bower, M.A., Leigh, F.J., Smith, L.M. and Jones, M.K. (2008) 
Approaches and constraints of using existing landrace material to understand agricultural spread in 
prehistory. Plant Genet. Res. Characterization and Utilization. 6, 98-112. 
Jordan, K.W., Wang, S., Lun, Y., Gardiner, L-J., MacLachlan, R., Hucl, P., Wiebe, K., Wong, D., 
Forrest, K.L., IWGS Consortium, Sharpe, A.G., Sidebottom, C.H.D., Hall, N., Toomajian, C., 
Close, T., Dubcovsky, J., Akhunova, A., Talbert, L., Bansal, U.K., Bariana, H.S., Hayden, 
M.J., Pozniak, C., Jeddeloh, J.A., Hall, A. and Akhunov E. (2015) A haplotype map of 
allohexaploid wheat reveals distinct patterns of selection on homoeologous genomes. Genome Biol., 
16, 48 
Jung, C. and Müller, A.E. (2009) Flowering time control and applications in plant breeding. 
Trends Plant Sci., 14, 563-573 
Keller, L., Schmid, J.E. and Keller, E.R. (1991) Are cereal landraces a source for breeding? 
Landwirtschaft Schweiz, 4, 197–202. 
Kihara, H. (1944) Discovery of the DD-analyser, one of the ancestors of Triticum vulgare 
(Japanese) Agric. Hort. (Tokyo) 19, 13–14. 
Kippes, N., Debernardi, J.M., Vasques-Gross, H.A., Akpinar, B.A., Budak, H., Kato, K., Chao, 
S., Akhunov, E. and Dubcovsky, J. (2015) Identification of the VERNALIZATION 4 gene reveals the 
origin of spring growth habit in ancient wheats from South Asia. Proc. Natl Acad. Sci. USA, 112, 
E5401-E5410 
Laurie, D.A. (1997) Comparative genetics of flowering time. Plant Mol. Biol., 35, 167–177. 
Li, S.C. and Wang, H. (2013) Reconsideration of carbonization wheat found in Donghuishan 
Site. A Collection of Studies on Archaeology. 10, 399-405 (In simplified Chinese) 
Liu, K. and Muse, S.V. (2005) PowerMarker: integrated analysis environment for genetic marker 
data. Bioinformatics, 21, 2128-2129 
Liu, P-P., Montgomery, T.A., Fahlgren, N., Kasschau, K.D., Nonogaki, H. and Carrington, J.C. 
(2007) Repression of AUXIN RESPONSE FACTOR10 by microRNA160 is critical for seed 
germination and post-germination stages. Plant J., 52, 133-146 
Mascher, M., Gundlach, H., Himmelbach, A., Beier, S., Twardziok, S.O., Wicker, T., Radchuk, 
V., Dockter, C., Hedley, P.E., Russell, J., Bayer, M., Ramsay, L., Liu, H., Haberer, G., Zhang, X.Q., 
Zhang, Q., Barrero, R.A., Li, L., Taudien, S., Groth, M., Felder, M., Hastie, A., Šimková, H., 
Staňková, H., Vrána, J., Chan, S., Muñoz-Amatriaín, M., Ounit, R., Wanamaker, S., Bolser, D., 
Colmsee, C., Schmutzer, T., Aliyeva-Schnorr, L., Grasso, S., Tanskanen, J., Chailyan, A., Sampath, 
D., Heavens, D., Clissold, L., Cao, S., Chapman, B., Dai, F., Han, Y., Li, H., Li, X., Lin, C., 
McCooke, J.K., Tan, C., Wang, P., Wang, S., Yin, S., Zhou, G., Poland, J.A., Bellgard, M.I., Borisjuk, 
L., Houben, A., Doležel, J., Ayling, S., Lonardi, S., Kersey, P., Langridge, P., Muehlbauer, G.J., Clark, 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
M.D., Caccamo, M., Schulman, A.H., Mayer, K.F.X., Platzer, M., Close, T.J., Scholz, U., Hansson, 
M., Zhang, G., Braumann, I., Spannagl, M., Li, C., Waugh, R. and Stein, N. (2017) A chromosome 
conformation capture ordered sequence of the barley genome. Nature, doi:10.1038/nature22043 
McFadden, E.S. and Sears, E.R. (1966) The origin of Triticum spelta and its free-threshing 
hexaploid relatives. J. Hered., 37, 81-89. 
Nakamura, S, Abe F, Kawahigashi, H, Nakazono, K, Tagiri, A, Matsumoto, T, Utsugi, S, Ogawa, 
T, Handa, H, Ishida, H, Mori, M., Kawaura, K., Ogihara, Y. and Miura H.  2011 A wheat homolog of 
MOTHER OF FT AND TFL1 acts in the regulation of germination. Plant Cell. 23, 3215–3229. 
Nei, M. (1987) Molecular evolutionary genetics. Columbia University Press, New York 
Nesbitt, M. and Samuel, D. (1996) From staple crop to extinction? The archaeology and history 
of hulled wheats. In Padulosi S, Hammer K, Heller J eds. Hulled Wheats. Promoting the conservation 
and use of underutilized and neglected crops. 4. Proc. 1st Internatl. Workshop on Hulled wheats. 
Castelvecchio Pacoli, Tuscany, Italy: International Plant Genetic Resources Institute, Rome, Italy, p. 
41-100. 
Nevo, E., Noy-Meir, I., Beiles, A., Krugman, T. and Agami, M. (1991) Natural selection of 
allozyme polymorphisms: micro-geographical spatial and temporal ecological differentiations in wild 
emmer wheat. Israel J Botany. 40, 419-449. 
Pickrell, J.K., Coop, G., Novembre, J., Kudaravalli, S., Li, J.Z., Absher, D., Srinivasan, B.S., 
Barsh, G.S., Myers, R.M., Feldman, M.W. and Pritchard, J.K. (2009) Signals of recent positive 
selection in a worldwide sample of human populations. Genome Res. 19, 826–837. 
Pritchard, J., Stephens, M. and Donnelly, P. (2000) Inference of Population Structure Using 
Multilocus Genotype Data. Genetics, 155, 945-959 
Ren, J., Chen, L., Sun, D.K., You, M.F., Wang, J.R., Peng, Y.L., Nevo, E., Beiles, A., Sun, D.F., 
Luo, M.C. and Peng, J.H. (2013) SNP-revealed genetic diversity in wild emmer wheat correlates with 
ecological factors. BMC Evol. Biol., 13,169 
Salamini, F., Ozkan, H., Brandolini, A., Schafer-Pregl, R. and Martin, W. (2002) Genetics and 
geography of wild cereal domestication in the near east. Nat. Rev. Genet. 3, 429-441 
Somyong, S., Munkvold, J.D., Tanaka, J., Benscher, D. and Sorrells, M.E. (2011)  Comparative 
genetic analysis of a wheat seed dormancy QTL with rice and Brachypodium identifies candidate 
genes for ABA perception and calcium signaling. Funct Integr Genomics. 11, 479-490. 
Tajima, F. (1983) Evolutionary relationship of DNA sequences in finite populations. Genetics, 
105, 437-460. 
Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M. and Kumar, S. (2011) MEGA5, 
Molecular Evolutionary Genetics Analysis Using Maximum Likelihood, Evolutionary Distance, and 
Maximum Parsimony Methods. Mol. Biol. Evol., 28, 2731-2739 
Tang, F., Miyamoto, K., Jin, G.L., Wan, J., Guo, F., Okazaki, K., Shiraishi, S., Matsumoto, 
Koura, K., Miyashita, K., Yongda, L.M., Li, Q.M., Yang, H., Xu, J., Li, H., Jiangba, P.C.,  Huang, 
J.Q., Zeng, L.L., Li, J.W., Jiang, C. and Dai, B. (2012) Report on the excavations at the Yan’erlong 
Cist tomb cemetery in Luhuo County, Sichuan. Sichuan Cultural Relics. 3, 3-14. (In Chinese) 
Tesemma, T., Tsegaye, S., Belay, G., Bechere, E. and Mitiku, D. (1998) Stability of performance 
of tetraploid wheat landraces in the Ethiopian highland. Euphytica. 102, 301-308. 
Tsunewaki, K. (1968) Origin and phylogenetic differentiation of common wheat revealed by 
comparative gene analysis. In Finley KW, Shepherd KW eds. 3rd International Wheat Genetic 
Symposium. Canberra, Australia: Austral. Acad. Sci., Canberra, p. 71-85. 
Turner, A., Beales, J., Faure, S., Dunford, R.P. and Laurie, D.A. (2005) The pseudo-response 
regulator Ppd-H1 provides adaptation to photoperiod in barley. Science. 310, 1031–1034. 
Walsh, B. (2003) Population- and quantitative-genetic models of selection limits. Plant Breed 
Rev. 24, 177–225 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Wang, J.R., Luo, M.C., Chen, Z.X., You, F.M., Wei, Y.M., Zheng, Y.L. and Dvorak, J. (2013) 
Aegilops tauschii single nucleotide polymorphisms shed light on the origins of wheat D-genome 
genetic diversity and pinpoint the geographic origin of hexaploid wheat. New Phytologist, 198, 925-
937. 
Watterson, G.A.  (1975) On the number of segregating sites in genetical models without 
recombination. Theor. Popul. Biol., 7, 256-276. 
Willcox, G. (1997) Archaeobotanical evidence for the beginnings of agriculture in Southwest 
Asia. In Damania AB, Valkoun J, Willcox G, Qualset CO eds. The Origins of Agriculture and Crop 
Domestication. ICARDA, Aleppo, Syria: ICARDA, IPGRI, FAO and UC/GRCP, p. 25-38. 
Xiao, S.H. (2004) Studies for Pre-harvest Sprouting of Wheat. Agricultural Science and 
Technology Press of China, Beijing, China. pp 219-224 
Xiao, S.H., Zhang, X.Y., Yan, C.S. and Lin, H. (2002) Germplasm improvement for preharvest 
sprouting resistance in Chinese white-grained wheat: An overview of the current strategy. Euphytica, 
126, 35-38 
Zeng, X., Long, H., Wang, Z., Zhao, S., Tang, Y., Huang, Z., Wang, Y., Xu, Q., Mao, L., Deng, 
G., Yao, X., Li, X., Bai, L., Yuan, H., Pan, Z., Liu, R., Chen, X., WangMu, Q.M., Chen, M., Yu, L., 
Liang, J., DunZhu, D.W., Zheng, Y., Yu, S., LuoBu, Z.X., Guang, X., Li, J., Deng, C., Hu, W., Chen, 
C., TaBa, X.N., Gao, L., Lv, X., Abu, Y.B., Fang, X., Nevo, E., Yu, M., Wang, J. and Tashi, N. (2015) 
The draft genome of Tibetan hulless barley reveals adaptive patterns to the high stressful Tibetan 
Plateau. Proc Natl Acad Sci USA. 112, 1095-1100 
Zeng, X.S. (2005a) On the expansion of wheat in ancient China. J. Chinese Dietary Cul., 1, 99-
133 (In traditional Chinese) 
Zeng, X.S. (2005b) Analysis of alternately planting of wheat and rice in Song dynasty. Historical 
Res. 1, 86-106 (In simplified Chinese) 
Zeven, A.C. (1998) Landraces: a review of definitions and classifications. Euphytica. 104, 127–
139. 
Zhang, Y.Z. (1983) The ancient crops in Xinjiang. Agricultural Archaeology. 3, 122-126 (In 
simplified Chinese) 
Zhao, Z.J. (2009) Eastward Spread of Wheat into China – New Data and New Issues. Chinese 
Archaeology. 9, 1-9 
Zhuang, Q.S. (2002) Chinese wheat improvement and pedigree analysis. Agricultural publisher 
of China, Beijing. ISBN 7-109-07944-9. 
 
 
 
Legends for all figures, supporting figures and supporting tables 
Fig. 1. Ten agro-ecological wheat growing zones in China (He et al, 2001). I-NW (northern winter 
wheat zone), II-Y&H (yellow and huai river valleys facultative wheat zone), III-YTS (middle and low 
Yangtze valley autumn-sown spring wheat zone), IV-SAS (southern autumn-sown spring wheat zone), 
V-SWAS (southwestern autumn-sown spring wheat zone), VI-NES (northeastern spring wheat zone), 
VII-NS (northern spring wheat zone), VIII-NWS (northwestern spring wheat zone), IX-Q&T 
(qinghai-tibetan plateau spring-winter wheat zone), and X-XJ (xinjiang winter-spring wheat zone). 
(A) The numbers of landraces genotyped by the Wheat660 SNP array and DArTseq (in parentheses) 
in each zone. The stars indicate the geographic locations of landraces and color of stars indicate the 
genetic ancestry of landraces for K = 5 inferred using Bayesian classification. (B) Maps of China 
showing annual rainfall, annual temperature, and elevation. The environment and ecological data were 
provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of 
Sciences (RESDC) (http://www.resdc.cn) 
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Fig. 2. Nucleotide diversity (π, dark blue) and Watterson estimator (θ, gray) along chromosomes 1A, 
1B, and 1D of wheat and 1D of Ae. tauschii for wheat landraces in 7 main areas in China and 
Iran/Turkey (0). Figure S5 shows the other 18 chromosomes. The details of the genetic index for each 
chromosome and 0.5 grids along chromosomes were listed in Table S3 and S6, respectively. 
 
Fig. 3. Population structure of 285 landraces including 13 landraces from Iran and Turkey computed 
using merged DArTseq and wheat660K array data for K=2 to 6 (A). When K=5, the accessions for 
five groups (Mix and Gp 1-4) were from the following groups: Iran/Turkey and Mix zones (Mix), I-
NW and II-Y&H (Gp1), III-YTS, small part of II-Y&H and V-SWAS (Gp2), IV-SAS (Gp3), IX-Q&T 
and VIII-NWS (Gp4). Comparison of the Neighbor-joining tree and topological structure groups 
when K=5 (B). The color of each accession in the NJ tree of Fig. 3B was according to the topological 
structure groups in Fig.3A. The details of results based on DArT or Wheat660K SNP markers were in 
Fig. S6A-S6D. 
 
Fig. 4. A neighbor-joining tree (A) and a Treemix tree (B) showing relationships among populations 
of landraces in 10 Chinese agro-ecological zones. Unrooted NJ networks illustrating Divergence time 
(TF) in generations during the distribution of wheat cultivation across China (C). TF were estimated 
using information from genetic distance calculated by 7001 DArT markers. Branch lengths are 
proportional to divergence times in thousands of years ago (KYA). The time and path of wheat 
distribution in China based on historical records (D). Wheat growing began in the VI-NES area 
around 370 BP when soldiers brought it from Russia to Shengjing/Shengyang (He 2008), thus there is 
an additional arrow from Russia. 
 
Fig. 5. Chromosome regions under selection identified by XP-CLR statistics for seven wheat growing 
zones. XP-CLR scores along chromosomes of each zones were compared with those from 
Iran/Turkey. The horizontal line indicates a 1.5% genome-wide cutoff level. The positions of some 
important genes associated with seed dormancy, biotic/abiotic-resistance, and starch were listed on the 
top. Details about the selected regions and candidate genes were listed in Table S7. 
 
Fig. 6. The major allele frequencies of SNPs in interdependent genes associated with flowering time 
(A), seed dormancy and germination (B) from Chinese wheat agro-ecological zones gradually 
increased from about 0.5 to 1.0 or decreased from about 1.0 to 0.5 along the direction of wheat spread 
from northern west to southern China. AA was homozygous A allele, AB was heterozygous, and BB 
was homozygous B allele. We defined the major allele as A, and the minor allele as B. 
 
Fig. S1. Numbers of DArTseq markers (A) and Wheat660k SNP markers (B) based on CS survey 
popseq.28.dna per wheat genome and chromosome. 
 
Fig. S2. Physical map of DArTseq and 660k_SNP markers based on CS genome. (a), density of 
660k_SNPs in 100Kb windows; (b), density of DArTseq in 100Kb windows; (c), Heterozygosity 
(HeteFreq) of 660k_SNP markers; (d), HeteFreq of DArTseq markers; (e), PIC of 660k_SNP markers; 
(f), PIC of DArTseq markers. 
 
Fig. S3. Comparison of the average nucleotide diversity (π) and Tajima’s D on the A, B, and D 
genomes of Chinese wheat landraces from Wheat660K and DArTseq data with that of 62 worldwide 
wheat cultivars from whole exome capture and genotyping-by-sequencing data (Jordan et al., 2015). 
 
Fig. S4. Distribution of 660k_SNP markers, π and Tajima’s D along D-genome chromosomes in 
wheat and Ae. tauschii. One marker per Mb on Ae. tauschii chromosomes was selected. Red lines 
connect corresponding markers on the wheat D genome chromosomes and homologous Ae. tauschii 
chromosomes. 
 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Fig. S5. Comparison of the landraces from different wheat growing zones by nucleotide diversity (π) 
and theta (θ). 
 
Fig. S6. Population structure of 285 landraces by wheat660K array (A); population structure of 717 
landraces by DArTseq array (B); neighbor-joining tree of 717 Chinese landraces genotyped by 
DArTseq (C); 285 landraces including 272 Chinese wheat and 13 Iran/Turkey wheat landraces (0-
I&T) genotyped by Wheat660 (D); comparison of landraces in neighbor-joining tree and topological 
structure (E); distribution of the four main groups in wheat growing zones in China (F). 
 
Table S1. List of 730 Wheat landrace accessions used in this study and geographic origins. # = 
genotyping by DArT and * = genotyping by Wheat660K. The accessions belonged to the group in 
topological structure data when K=5 was also listed in Wheat660_K5 and DArT_K5. 
 
Table S2. Distribution of markers (based on CSS survey popseq.28.dna) by DArT, DArT-seq and 
Wheat660K among various genomic features (A); the location of DArT and SNP markers on CS 
genomic survey sequences and Ae. tauschii chromosomes (B). 
 
Table S3. Data used for evaluating the relationship between climatic/geographic factors and genetic 
index. 
        
Table S4. Genetic variance and genetic index of Chinese wheat landraces on each chromosome. 
 
Table S5. The Fst (upper) and genetic distance (down) of Chinese wheat landraces among major plant 
zones. 
 
Table S6. The Pi and Theta of Chinese wheat landraces among major plant zones along the 
chromosomes. 
 
Table S7. Coefficient of multiple regressions between genetic indices and environmental variables of 
landrace in Chinese major wheat growing areas. 
 
Table S8. Selected regions detected by XP-CLR in major wheat growing zones of China (A); Selected 
regions detected by XP-CLR (>=14) in major wheat growing zones of China (B). 
 
Table S9. Allele frequency of SNPs in genes associated with flower time (A), seed dormancy and 
germination (B) from different Chinese wheat plant zones. 
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